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Abstract— The measurement of tone-burst otoacoustic emis-
sions (TBOAEs), which arise on the basilar membrane (BM), is
a potential method for examining cochlear activity. In this con-
tribution we consider whether TBOAEs are a suitable tool to
customize the BM parameterization of an auditory model. To
examine this relation, measurements of TBOAE input/output
(I/O) functions were conducted in the present paper and com-
pared to the BM I/O function of the auditory model. Latter in-
cludes models of the human basilar membrane and outer hair
cells, and is simulated via wave digital filters. The results show
that TBOAE is related to the BM velocity and may provide a
viable tool for adjusting the parameters of the simulated BM
activity.
I. INTRODUCTION
The measurement of otoacoustic emissions (OAEs) pro-
vides a non-invasive method to get insight into cochlear ac-
tivity. In first studies Withnell and Yates used distortion prod-
uct otoacoustic emissions (DPOAEs) successfully to examine
BM I/O functions in guinea pigs [1]. Although this approach
shows similarities between DPOAE I/O functions and BM
nonlinearity, Epstein et al. suggested that the use of transient-
evoked otoacoustic emissions (TEOAEs) might be a more
suitable tool to examineBM activity [2]. Further studies [3, 4]
also indicated that TEOAEs are a suitable method to com-
pare these measurements with psychoacoustic investigations.
Epstein and Florentine demonstrated a relationship between
TBOAEs and various psychoacoustic measurements and BM
motion [5]. They compared TBOAEs with BM I/O functions
and show a close relation between these parameters. Based
on these investigations we used TBOAE I/O functions as an
objective tool to examine auditory model parameters in this
contribution.
II. METHODS
A. Measurement procedure
Otoacoustic emissions were recorded using an Etymotic
ER-10C system. In order to identify the frequency range,
which produces strong otoacoustic emissions, in a first in-
vestigation the ear was stimulated by clicks. The stimuli had
a sound pressure level of 80 dBSPL (peak) and a duration of
104.2µs, which corresponds to 5 samples at 48 ksps. Most of
the energy is in the range between 500Hz and 5 kHz. The
resulting TEOAE response averaged over 800 trials was ac-
quired with a sample rate of 48 ksps. The recordings were
windowed by a 20ms Hann window, which was delayed 8ms
related to the stimulus onset.
In consecutive investigations a Gaussian windowed tone
burst with a frequency of 1 kHz was chosen for stimula-
tion to determine the TBOAE I/O function. The TBOAE
response averaged over 800 bursts was acquired for dif-
ferent stimulus levels from 90 dBSPL (peak) downwards to
30 dBSPL (peak) in steps of 5 dBSPL. These recordings
were windowed by a 20ms Hann window according to [6].
The window had a delay of 15ms after the beginning of the
presentation, which confirms the literature [2].
B. Subjects
Six subjects, four female and two male, participated in this
study. The subjects had no history of hearing difficulties and
no OAE experience Their ages ranged from 22 to 27 years. A
measurement session had a duration of about one hour. The
participants were in a horizontal position and in a relaxed
condition during the measurements.
C. Auditory model
The auditory model used in this study includes parts rang-
ing from the human peripheral ear to the structures of the
inner ear. The peripheral ear is represented by a model of
outer and middle ear filtering, which is a linear filter having
its resonant frequency at 3 kHz. It is connected to a model
of nonlinear mechanical filtering, which simulates the pas-
sive cochlear hydromechanics enhanced by the active outer
hair cells. It is a one-dimensional macromechanical model of
the cochlea, in which the unrolled BM is divided into sec-
tions of equal length. The output of this stage represents BM
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velocity of each simulated section. The models of the periph-
eral ear, cochlear hydromechanics, and outer hair cells are
based on [7] and [8]. The model components can be specified
by differential equations, which are internally represented by
equivalent electrical circuits using voltage-velocity and force-
current analogies. All electrical networks are simulated in the
time domain using wave digital filters, because of their excel-
lent stability properties and efficiency [9].
III. RESULTS
A. Click evoked OAE analysis
The click evokedOAEs of all subjects yield similar results.
Figure 1 shows a spectrogram obtained with click stimuli for
subject S5. The spectral density has its maximum magnitude
in the frequency range about 1 kHz, which confirms the re-
sults shown in literature [2]. Based on this further investiga-
tions focused on OAEmeasurements using 1 kHz tone bursts.
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Figure 1: Click evoked OAE response of subject S5. Click stimulus was
presented at 80 dBSPL (peak) with a duration of 104.2 µs and most of the
energy in the frequency range between 500Hz up to 5 kHz.
B. TBOAE analysis
Figure 2 shows a sample recording of windowed TBOAE
responses measured in a single session for various stimu-
lus levels. The TBOAE I/O functions were determined by
calculating the RMS for each stimulus level over the corre-
sponding windowed TBOAE response. Figure 3 shows the
TBOAE I/O functions of each subject and the correspond-
ing average noise floor, which is used to examine the signal
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Figure 2: Individual TBOAE series, acquired for various stimulus levels
from subject S5. The TBOAE responses were windowed by a 20ms Hann
window.
quality. For further analysis the results of subject S4 were re-
moved, because the SNR for the lower stimulus levels is not
sufficient to ensure a valid TEOAE measurement (an SNR of
6 dBSPL and a reproducibility of more than 60% are nec-
essary [10]). The remaining TBOAE curves show a similar
non-linear shape, where the slopes are rising for lower stimu-
lus levels and reach saturation for moderate levels. However,
they exhibit interindividual differences in amplitude offsets.
To compare the measurements with the simulated results of
BM movement the averaged TBOAE I/O function of these
subjects was computed.
C. Comparison between TBOAE I/O and BM I/O functions
Figure 4 shows the measured TBOAE I/O function in µPa,
which is normalized to the BM velocity at a stimulus level of
30 dBSPL (peak) and the simulated BM velocity in µm/s. The
input signal of the auditory model was the same burst stimu-
lus which has also been used for determining the TBOAE I/O
functions. The RMS value of the BM velocity was calculated
over all sections of the BM. To improve comparability with
the measured TBOAE I/O function, the response of the BM
model output of each section was also multiplied by a 20ms
Hann window.
In an additional step, both I/O functions were analysed by us-
ing a rectangular window to investigate the influence of the
window function. Figure 5 shows the RMS level of the mean
TBOAE I/O function by using a rectangular window instead
of the Hann window. The corresponding BM I/O function
was also determined by using a rectangular window of the
same length.
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Figure 3: TBOAE I/O functions: RMS level of the TBOAE responses
plotted as a function of stimulus level for each subject (black line). The grey
line shows the corresponding RMS noise level.
The simulated BM I/O functions in Figure 4 and Figure 5
show differences in their amplitudes, because more signal
components will be damped by using a Hann window instead
of using a rectangular window. The comparison between the
simulated BM I/O functions and the mean TBOAE I/O func-
tions reveals similarities in their curve shapes. The averaged
TBOAE I/O function correlates well with the simulated BM
velocity for lower stimulus levels when using a Hann win-
dow. The TBOAE I/O function in Figure 5 shows a better
relation to BM I/O function for high stimulus levels. The re-
sults demonstrate that the used window function influences
the correlation between simulations and measurements. An-
other factor which also plays an important role is the time
delay of the window. In the simulation BM velocity has been
computed immediately after stimulus onset without any time
delay. By contrast, to determine the TBOAE signal a time de-
lay is necessary to avoid additional signal components of the
stimulus signal. This also means that the early parts of the
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Figure 4: Simulated BM I/O function in µm/s using a Hann window (black
line), averaged TBOAE I/O function in µPa also using a Hann window
(grey line).
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Figure 5: Simulated BM I/O function in µm/s using a rectangular window
(black line), averaged TBOAE I/O function in µPa also using a rectangular
window (grey line).
TBOAE response could be suppressed. This might be a rea-
son for the deviation between simulations and measurements.
IV. CONCLUSION
The investigations revealed a relationship between
TBOAE measurements and the simulation of BM activity.
The mean results of the subjects provide useful data for eval-
uation of the auditorymodel. It was shown that the results are
highly influenced by the signal processing and the analysis of
the acquired data. It is necessary to choose a suitable window
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function and to find a delay which show the ’true’ TBOAE
response and also avoids undesired signal components of the
stimulus. It can be concluded that TBOAE I/O functions are
a suitable tool to adjust auditory model parameters.
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